In Brief
In angiogenesis, tight control of endothelial tip cell selection and migration drives new blood vessel branching. Page et al. show that VEGFsignaling-mediated positive feedback shapes the timing, magnitude, and robustness of tip cell identity decisions. Moreover, they identify a key modulator of VEGF-mediated positive feedback, Tm4sf18, which temporally controls angiogenesis in vivo. 
INTRODUCTION
New blood vessel formation by the process of angiogenesis is critical for tissue development, homeostasis, and repair and is frequently dysregulated in disease (Carmeliet and Jain, 2011; Herbert and Stainier, 2011; Potente et al., 2011) . Consequently, the tight control of angiogenesis is key to normal tissue and organ function. In particular, the behavior of sprouting endothelial cells (ECs) needs to be elegantly coordinated during new blood vessel branching (Carmeliet and Jain, 2011; Herbert and Stainier, 2011; Potente et al., 2011) . For example, activation of vascular endothelial growth factor receptor (VEGFR)-2/-3 signaling by gradients of VEGF-A/-C ligand promotes selection of specialized ''tip'' ECs, which are highly motile and lead new blood vessel branches (Gerhardt et al., 2003; Ruhrberg et al., 2002) ( Figure 1A ). In contrast, ''stalk'' ECs experience less VEGFR signaling and trail behind tip cells. To prevent excessive sprouting, the induction of tip identity is repressed by DLL4-mediated Notch activation and lateral inhibition (LI) of nonsprouting EC populations (Benedito et al., 2012; Hellströ m et al., 2007; Hogan et al., 2009; Leslie et al., 2007; Lobov et al., 2007; Siekmann and Lawson, 2007; Suchting et al., 2007; Zarkada et al., 2015) ( Figure 1A ). During this process, VEGFR activation promotes upregulation of the Notch ligand DLL4 in emerging tip cells, which trans-activates Notch in neighboring cells. Elevated Notch activity promotes downregulation of VEGFR-2 and VEGFR-3 function, rendering laterally inhibited ECs less responsive to VEGF signal ( Figure 1B ) (Benedito et al., 2012; Hellströ m et al., 2007; Hogan et al., 2009; Leslie et al., 2007; Lobov et al., 2007; Siekmann and Lawson, 2007; Suchting et al., 2007; Zarkada et al., 2015) . As such, DLL4-Notch signaling acts in a negative-feedback loop with VEGF that limits the number of ECs that acquire tip identity; consequently, loss of Notch signaling results in EC hyper-sprouting in vivo. Hence, negativefeedback-mediated competition of ECs for migratory status drives the coordinated collective movement of sprouting EC populations in angiogenesis. Although negative feedback via DLL4-Notch plays well-established roles in the spatial control of VEGFR activity, the function and/or identity of positive-feedback modulators of VEGFR signaling and angiogenesis remains unclear. Positive-feedback loops commonly amplify signal outputs to shape the pattern, duration, and threshold of many signaling pathways. As such, positive feedback modulates key aspects of developmental signaling responses, such as their magnitude, robustness, and timing (Brandman and Meyer, 2008; Freeman, 2000) . While it is clear that dynamic control of these aspects of EC decision making (such as the timing of tip-stalk selection) fundamentally (D and E) Plots of DLL4 levels in two coupled cells following ODE model simulations using varying levels of positive feedback. Depending on their final level of DLL4, each coupled cell was assigned as having acquired either high VEGFR activity and stable tip identity (D; blue arrowhead indicates high levels of DLL4) or high Notch activity and repressed tip identity (E; red arrowhead indicates low levels of DLL4). Blue and red dashed lines represent maximum and minimum DLL4 thresholds for stable tip identity and repressed tip identity, respectively. (F and G) Matrix plots of tip patterning speeds in the two-cell ODE model following exposure of each coupled cell to different VEGF levels in the absence (F) or presence (G) of positive feedback. Dark gray boxes indicate the slowest rates or failure of tip patterning. Larger orange boxes indicate coupled ECs experiencing low VEGF levels (<0.05 c.u.). (H) ODE modeling of the impact of positive-feedback levels (P) on network bistability. Without positive feedback (P = 0), ECs resist switching to a VEGFR active steady state (high DLL4), even when surrounding VEGF is increased. At very high P values (P = 0.1), ECs remain in a VEGFR active state with changing VEGF. At intermediate P values, increasing VEGF levels (>2.5) induce tip cell patterning. Moreover, this active state is retained when VEGF levels are then lowered below 2.5 to $1. Hence, positive feedback generates a bistable switch in EC identity that robustly maintains the active state, despite fluctuating VEGF levels. (I) Two-parameter bifurcation plot with changing VEGF and changing P values. Region inside the cusp (green shaded portion) represents values that are bistable in the EC active state. Everything outside is monostable. (J) Predicted role of positive feedback in defining the selection threshold of VEGF that drives tip identity. Data are mean.
shapes the topology of both normal and pathological vascular networks (Bentley and Chakravartula, 2017; Kur et al., 2016; Ubezio et al., 2016; Venkatraman et al., 2016) , our current understanding of the core regulatory features that ultimately spatiotemporally define EC identity is somewhat limited. For example, LI is considered relatively slow, taking upward of 6 h to complete the multiple cycles of gene expression needed to amplify initially small differences in input signal (Bentley and Chakravartula, 2017; Kur et al., 2016; Matsuda et al., 2015; Venkatraman et al., 2016) . This is seemingly incompatible with the rapid dynamic changes in EC state, identity, and behavior observed in angiogenesis (Arima et al., 2011; Jakobsson et al., 2010) , suggestive of as-yet-unknown temporal modulators that dictate the speed and magnitude of the competitive EC decision-making processes.
Here, by combining computational modeling with in vivo studies, we uncover a previously unappreciated role for positive feedback in determining the spatiotemporal dynamics of tipstalk identity decisions and the angiogenic response. We reveal that Vegfr-mediated expression of the atypical tetraspanin, transmembrane 4 L six family 18 (tm4sf18) generates a previously unknown positive-feedback loop that amplifies Vegfr activity to define the timing, magnitude, and robustness of EC identity decisions. In particular, we propose that positive feedback achieves this by transforming the normally protracted process of LI into a quick, robust switch-like mechanism.
RESULTS

Positive Feedback Creates an Ultrasensitive Bistable Angiogenic Switch
Despite the recognized role of Notch-mediated negative feedback in angiogenesis, the function and identity of positive-feedback modulators remains elusive. First, to explore the impact of positive feedback on the dynamics of EC identity decisions, we adapted our previously validated ordinary differential equation (ODE) mathematical model of LI (Venkatraman et al., 2016) , which permits rigorous, mathematical interrogation of the bifurcation dynamics in this system. In this model, two adjacent unpatterned ECs compete for selection as either a VEGFR-active DLL4-expressing tip EC or Notch-active inhibited EC using the well-established VEGFR-DLL4-Notch negative-feedback loop ( Figure 1C ). Briefly, in this model, VEGF ligand reversibly binds VEGFR to induce DLL4 ligand gene expression, which then reversibly activates the Notch receptor of the neighboring cell. Activated Notch-DLL4 complex is irreversibly catalyzed to form a NICD fragment, which, in turn, induces transcription of the gene repressors. For simplicity, we consolidated all known NICD-induced repressors-namely, the HES, HEY, and HER family proteins-into a single species, HE. Through a negativefeedback mechanism, HE ultimately represses the activity of VEGFR. In addition, we created a parameter, P, (see STAR Methods) that creates a positive-feedback interaction whereby VEGFR increases the level and/or activity of an additional factor that positively feeds back to activate more VEGFR. Using previously defined reaction parameters (Bentley et al., 2009 (Bentley et al., , 2014b Sprinzak et al., 2010; Venkatraman et al., 2016) , we revealed that increasing levels of positive feedback could amplify small differences in VEGFR activity between coupled ECs to drive rapid reciprocal VEGFR-Notch activation and patterning of ECs ( Figures 1D and 1E ). In particular, VEGF-mediated positive feedback was sufficient to transform normally protracted LI into a quick switch-like process and could decrease the level of VEGF required to induce EC identity decisions, as, in the absence of positive feedback, ECs failed to pattern at VEGF levels modeled ( Figures 1D and 1E ). To explore this phenomenon further, we investigated the impact of varying the levels of VEGF initially experienced by each cell in the ODE model. The times taken for coupled cells to stably pattern in the absence or presence of positive feedback were then represented as time matrix plots ( Figures 1F and 1G) . As described earlier, positive feedback greatly increased the speed of LI-mediated patterning, particularly when coupled ECs experienced similar levels of VEGF that normally makes it difficult to discern differences in their VEGFR activity. Importantly, positive feedback notably decreased the threshold of VEGF required to induce stable patterning, as ECs could make definitive identity decisions at much lower levels of VEGF than possible in the absence of positive feedback (orange boxes in Figures 1F and 1G ). Hence, in silico modeling predicted that positive feedback defines the threshold of VEGF required to induce motile EC selection and greatly increases the speed of EC decision making by invoking ultrasensitive switch-like behavior during LI.
As well as creating ultrasensitive signaling switches, a core feature of positive feedback is that it contributes to the establishment of bistable networks, which, in turn, can confer robustness on cell-state transitions by using hysteresis (Brandman and Meyer, 2008; Freeman, 2000) . In hysteresis, the state in which a system resides depends not only on the current conditions but also on the history of the system. As such, in cellular systems, hysteresis enables the same level of input signal to have two very distinct cellular outputs, depending on the system's history. For example, rising levels of an input signal may elicit highly stereotyped cellular outputs, but in hysteresis, the system will not follow these same steps in reverse when returning to back to the original level of signal. Hence, hysteresis can induce stable switch-like behavior if, as a consequence of achieving a sufficient signal to drive cell-state transition, much lower levels of this signal are now required to reverse that cell state. Thus, hysteresis can reinforce robust cell identity decisions by ensuring that, once cell identity is determined, fluctuating levels of signal will not reverse that decision. Further extension of the ODE modeling revealed that intermediate levels of VEGFR-mediated positive feedback generated typical hysteretic dynamics during LI in silico ( Figure 1H ). At specific levels of positive feedback, LImediated EC identity decisions were, indeed, bistable ( Figure 1I ) and, once made, were highly robust to subsequent decreases in VEGF level, indicating hysteresis ( Figure 1H ). Hence, as well as invoking switch-like behavior during EC decision making, positive feedback may also confer robustness on selected EC identity against fluctuations in inductive VEGF signal.
Switch-like Control of Angiogenesis
In Vivo by the VegfrNotch Axis Simulations predicted that positive feedback invokes switch-like dynamics during LI whereby, if a threshold of VEGF is achieved, positive-feedback-mediated amplification of signal ensures rapid commitment of ECs for patterning and selection ( Figures  1D-1I ). As such, VEGF levels may ultimately dictate the magnitude of an angiogenic response in vivo by determining how many ECs achieve a selection threshold and are triggered to pattern ( Figure 1J ). However, we currently have little to no knowledge of the magnitude or timing of such EC decision-making processes in vivo. Hence, we first probed the dynamics of LImediated motile EC selection during zebrafish intersegmental vessel (ISV) angiogenesis. Live imaging of ISV sprouting in Tg(kdrl:nlsEGFP) zf109 zebrafish embryos revealed that LI defined a tight temporally restricted selection window that robustly generated, on average, just two motile ECs per vessel by 24 h post-fertilization (hpf; Figures 2A and 2C) . As was expected, Notch signaling was required to close this window, as in the absence of dll4 or upon blockade of Notch signaling using g-secretase inhibitors, the rate of EC selection did not initially change but continued unstopped (Figures 2B and 2C ; Figure S1A ). Importantly, consistent with in silico predictions ( Figure 1J ), Vegfr levels determined the number of ECs selected within this window, as loss of flt1 to enhance Vegfr signaling increased the number of ECs selected to sprout ( Figure 2C ; Figure S1B ). Likewise, the opposite was observed upon brief low-dose inhibition of Vegfr signaling, with fewer cells selected ( Figure 2C See also Figure S1 . Costa et al., 2016; Villefranc et al., 2013) (STAR Methods) . Using exactly the model parameters as previously published, a single early time window could, indeed, be found that remarkably exhibited exactly matching phenomena as seen in vivo ( Figures  S1D-S1F ), whereby fewer ECs were selected in Vegf-inhibited conditions (VEGF = 0.038), and more were selected in flt1 knockdown (KD) conditions (V sink = 8; see STAR Methods for a full description of these model parameters). Moreover, monitoring of signaling dynamics in simulations confirmed that Vegf levels determined the number of selected ECs by modulating the speed of the selection process, as also predicted in the ODE model ( Figure 1 ). Importantly, differences in Vegfr-dependent selection rates in vivo were not associated with differential EC proliferation (Figure 2D) , although a later switch to Notch-dependent mitosis was revealed by dll4 KD. Moreover, the contribution of ECs to ISVs by proliferation after 24 hpf had minimal effect on overall EC numbers, with both the initial magnitude of EC selection and the Notch-dependent closure of the selection window being the primary determinants of vessel cellularity ( Figure 2E ). Hence, by defining the temporal control of angiogenesis in vivo, we revealed that EC identity decisions are biphasic, involving (1) a Vegfr-level-dependent switch that determines the number of motile ECs selected for angiogenesis, followed by (2) termination of further selection by Dll4-Notch ( Figure 2F ).
Vegfr-Induced Expression of tm4sf18 Generates Positive Feedback In Vivo
Both in silico predictions ( Figure 1 ) and the switch-like nature of the EC selection ( Figure 2C ) suggested that motile EC selection in angiogenesis may, indeed, be modulated by a positive-feedback-mediated ultrasensitive switch. To support these observations, we expanded upon our previous transcriptomic study (Herbert et al., 2012) to identify putative positive-feedback regulators of Vegfr by defining genes transcriptionally activated by Vegfr and repressed by Notch signaling in zebrafish ECs (Figure 3A) . Of only 10 candidate Vegfr-Notch-regulated transcripts we identified h2.0-like homeobox-1 (hlx1), a known transcriptional target of Vegfr activity in vivo (Fish et al., 2017; Herbert et al., 2012; Sacilotto et al., 2016) and the atypical tetraspanin, tm4sf18. TM4SF family proteins are known membrane-associated adaptors that ligand-independently activate receptor tyrosine kinase activity (Gao et al., 2016; Jung et al., 2013) . Hence, of the 10 identified Vegfr-regulated transcripts, tm4sf18 was the only one with clear evidence supporting a role in the feedback control of Vegfr receptor tyrosine kinase activity. Indeed, TM4SF1, the human homolog of tm4sf18 ( Figure S2 ), is known to modulate EC motile behavior in vitro (Shih et al., 2009; Zukauskas et al., 2011) . Hence, for these reasons and other technical points (STAR Methods), tm4sf18 represented an ideal candidate positive-feedback modulator of EC motile identity for further investigation. The highly dynamic nature of Vegfr-Notch-regulated expression of tm4sf18 was validated via qPCR upon the inhibition of Vegfr signaling and dll4 KD ( Figures 3B and 3C ), indicating that tm4sf18 transcription may be tightly restricted to sprouting EC populations by Vegf-Notch ( Figure 3D ). This was further confirmed following characterization of the spatiotemporal pattern of tm4sf18 expression during zebrafish development. During early ISV sprouting from 22 to 26 hpf, tm4sf18 expression was almost exclusively restricted to sprouting ISVs (blue brackets in Figure 3E ) and was excluded from adjacent non-angiogenic vascular tissues, such as the dorsal aorta (DA). Indeed, consistent with a role for Tm4sf18 in the amplification of Vegfr activity and EC selection, expression of tm4sf18 was also observed prior to ISV sprouting at discrete foci marking regions of future angiogenic remodeling within the DA (arrowheads in Figure 3E ). Importantly, the absence of tm4sf18 in npas4l s5 mutants that lack endothelial tissues (Reischauer et al., 2016) confirmed expression in ECs ( Figure 3F ). Moreover, tm4sf18 expression was ectopically expanded to non-angiogenic tissues upon dll4 KD, demonstrating a tight association with EC sprouting ( Figure 3F ). Indeed, rapid repression of tm4sf18 was observed following fusion of adjacent ISVs to form the dorsolateral anastomotic vessel (DLAV) and termination of Vegf-induced angiogenic behavior (red brackets in Figure 3E ). Hence, tm4sf18 expression is dynamically modulated by the Vegfr-Notch axis and is spatiotemporally restricted to sprouting ECs in vivo.
To define tm4sf18 as a putative positive-feedback modulator of VEGF signaling, we transfected human umbilical vein ECs (HUVECs) with small interfering RNAs (siRNAs) targeting the human homolog of zebrafish tm4sf18, TM4SF1, which reduced mRNA abundance by over 80% ( Figure 4A ). Subsequent stimulation of HUVECs with VEGF-A confirmed that maximal VEGFRdependent ERK activation relied on TM4SF1 expression (Figures 4B and 4C) , consistent with the known role for TM4SF family proteins in the activation of receptor tyrosine kinase signaling (Gao et al., 2016; Jung et al., 2013) . To confirm these observations in vivo, we used both TALEN and CRISPR/Cas9-mediated gene editing to introduce mutations into the long (exons 1 to 4) or both long and short (exons 2 to 4) isoforms of tm4sf18, respectively ( Figure 4D ). TALEN-mediated nonsense mutation of tm4sf18 introduced a premature stop codon in exon 1 at amino acid 17, whereas CRISPR/Cas9-mediated gene editing introduced a frameshift mutation from amino acid 68 in exon 2 and generated a truncated protein product of 112 amino acids versus wild-type (WT) Tm4sf18 (196 amino acids). Importantly, upon tm4sf18 exon-1 and exon-2 mutation, we observed no change in tip EC levels of Vegfr-dependent EC pErk (data not shown), a well-established readout for Vegfr signaling in vivo Nagasawa-Masuda and Terai, 2016; Shin et al., 2016) . Thus, in the absence of Tm4sf18, at least some ECs still achieve Vegfr activity thresholds sufficient to drive tip patterning. However, the temporal dynamics of Vegfr signaling were significantly perturbed in tm4sf18 À/À homozygous mutant embryos ( Figures 4E-4I ). To test this, first, Vegfr activity was fully blocked in the ECs of sprouting ISVs that had already emerged from the DA upon incubation of embryos for 3 h with the Vegfr inhibitor, ZM323881 ( Figure 4E ). Full disruption of Vegfr activity was confirmed by a lack of immunoreactivity for pErk (Figures 4F and 4G) . Moreover, disruption of pErk was specific to ECs, as levels remained unchanged in neighboring neuronal cells (Figures 4F and 4H) . Inhibitor was then washed out, and the recovery of EC pErk levels was monitored over the next 4 h. Quantification of pErk in sprouting tip ECs revealed that normal levels were recovered after just 2 h in both control and tm4sf18 +/À heterozygous embryos (Figures 4F and 4G) . However, recovery of Vegfr-mediated pErk stalled after 1 h of recovery and was significantly disrupted in tm4sf18 À/À mutants ( Figures 4H and 4I ).
Hence, consistent with a key functional role as a positivefeedback modulator of Vegf, expression of tm4sf18/TM4SF1 amplifies EC signaling both in vivo and in vitro and facilitates the acquisition of high-level Vegfr activity.
Tm4sf18 Determines the Magnitude and Timing of EC Identity Decisions In Vivo
To define the potential functional role of Tm4sf18-mediated positive feedback in EC decision making in vivo, we quantified the rate of EC selection during ISV sprouting to reveal a significant reduction in tm4sf18 À/À embryos ( Figure 5A ). Observed defects in EC selection were specific to ISV sprouting, as later branching of the venous secondary sprouts was unaffected in tm4sf18 mutants ( Figure S3A ). In addition, reduced selection of motile ECs was not simply a consequence of developmental delay or decreased EC proliferation, as developmental timing, proliferative rates, and cell-cycle length were all unperturbed by tm4sf18 mutation ( Figure 5B ; Figures S3B and S3C ). Moreover, in the absence of Tm4sf18-dependent selection of motile ECs, nascent ISVs exhibited a persistent hypocellular phenotype (Figure 5C and 5D) , although this recovered at later time points, presumably due to compensation by sustained EC proliferation and later supply of ECs via secondary sprouting ( Figure S3D ). These findings were consistent with model predictions that positivefeedback-mediated amplification of Vegf signal may lower the threshold of Vegf required to induce patterning. Hence, in the absence of positive feedback, the levels of Vegf required to induce patterning would be higher, and fewer ECs would be able to achieve these within the temporally defined selection window ( Figure 5E ). Indeed, consistent with this hypothesis, the disruption of motile EC selection in tm4sf18 mutants could largely be recovered when Vegf signal levels were increased via flt1 KD ( Figure S3E ). To further test this hypothesis, we reasoned that additional inhibition of Vegfr activity in tm4sf18
mutants would now prevent all ECs from quickly achieving a selection threshold, potentially delaying the timing of EC selection. As such, we blocked EC Vegfr activity with a low dose of Vegfr inhibitor to putatively force ECs to be reliant on positive-feedback amplification of Vegfr activity. Indeed, upon Vegfr inhibition, not only was the emergence of the first selected ECs now greatly delayed in tm4sf18 À/À mutants ( Figure 5F and 5G), but this treatment also generated a large delay to the EC selection window ( Figure 5F ), independent of any effects on EC proliferation ( Figure S3F ). Hence, not only does Tm4sf18 control the magnitude of EC sprouting, when Vegfr activity is limiting, but Tm4sf18-mediated positive feedback also ensures timely decision making.
Tm4sf18-Modulated Vessel Cellularity Is Critical for Normal Angiogenesis
In parallel with a reduced number of ECs selected for branching, we noted that resulting hypocellular ISVs in tm4sf18 À/À embryos were often shorter ( Figure 6A ), an observation that was confirmed upon quantification of EC tip (cell 1) and stalk (cell 2) movement in WT, tm4sf18
, and tm4sf18 À/À embryos ( Figures 6B and 6C ).
This phenotype was reliant on mutation of both short and long Tm4sf18 isoforms, as exon-1 mutant embryos were unaffected ( Figure S4A ), and was not due to indirect differences in ISV morphology ( Figure S4B ). Importantly, although tm4sf18-mediated EC emergence and motility appeared to be VEGF dependent ( Figure S4C ), disruption of ISV extension was not a consequence of reduced EC motility, as movement of emerging tm4sf18 À/À ECs was initially indistinguishable from that of WT, and stalling was only observed later in development ( Figure 6C) . Strikingly, however, we observed a near-identical phenotype upon disruption of EC proliferation using hydroxyurea and aphidicolin (HU/Ap; Figure 6D ), suggesting common underlying defects. Although HU/Ap treatment did not disrupt EC motile selection, unlike loss of tm4sf18 ( Figure 5A versus Figure S3G ), and mutation of tm4sf18 did not disrupt EC proliferation, unlike HU/Ap ( Figure 5B versus S3H), both tm4sf18 mutation and HU/Ap treatment generated very similar and prolonged reductions in ISV cellularity ( Figures 5D and S3I) . Moreover, quantification of tip EC motility in ISVs containing 1, 2, and 3 or more ECs revealed that it is this level of vessel cellularity that determines vessel extension ( Figure 6E ). Indeed, the perturbed extension of vessels observed in ECs lacking Tm4sf18 was consistent with the reduced average number of ECs per ISV in tm4sf18
mutants of approximately two per vessel ( Figure 5C ). Likewise, WT and HU/Ap-treated tip ECs display movements consistent Data are mean ± SEM. *p < 0.05, two-tailed t test. Scale bars, 25 mm.
with the average cellularity of vessels in these conditions (Figure S4D) . Consequently, both tm4sf18 À/À mutation and HU/Ap treatment significantly perturb the supply of ECs to form the DLAV ( Figure 6F ). Hence, Tm4sf18-mediated positive feedback determines the correct number of ECs selected for vessel branching, and, in its absence, nascent hypocellular vessels fail to extend appropriately ( Figure 6G ).
Tm4sf18-Mediated Positive Feedback Promotes Robust EC Decision Making
A functional role for Tm4sf18 in determining the magnitude and timing of EC identity specification are consistent with model predictions that positive feedback generates an ultrasensitive switch that modulates the decision-making process (Figure 1 ). However, a core feature of such ultrasensitive switches is that they can also invoke bistability and hysteretic dynamics, which could confer robustness to selected EC identity against variation in inductive VEGF signal levels (Brandman and Meyer, 2008; Freeman, 2000) . To test these predictions, we waited until after ECs were selected for branching, i.e., already in ISV sprouts (>22 hpf) and, hence, already above selection thresholds of Vegfr activity. Then we determined the robustness of tip EC signaling to increasing concentrations of Vegfr inhibitor for 3 h. In WT and tm4sf18 +/À embryos, Vegfr signaling was highly robust to Vegfr antagonist, with no significant reduction in pErk levels observed upon incubation with 40 nM and 80 nM ZM323881 (Figures 7A Data are means ± SEM. *p < 0.05, two-way ANOVA or two-tailed t test. Scale bar, 25 mm. See also Figure S3 . and 7B). In contrast, Vegfr signaling was no longer protected in tm4sf18 À/À embryos, and pErk levels were significantly disrupted upon incubation of embryos with a low dose of inhibitor. Hence, consistent with in silico predictions, Tm4sf18-mediated positive feedback generates signal robustness reminiscent of a bistable network and ultimately buffers Vegfr signaling output against fluctuations in input signal to generate robust angiogenic responses ( Figure 7C ).
DISCUSSION
Using an integrated in silico and in vivo approach, we provide evidence that positive feedback is a key spatiotemporal modulator of angiogenesis. Specifically, we demonstrate that positive feedback amplifies Vegfr-mediated signaling to generate a previously unappreciated ultrasensitive switch that (1) defines the timing of competitive EC identity decisions, (2) controls the magnitude of angiogenic responses, and (3) elegantly confers developmental robustness on angiogenesis against fluctuations in pro-angiogenic signal ( Figure 7D ). Moreover, we define Tm4sf18 as a previously unknown positive-feedback modulator of Vegfr activity that performs these functions in vivo. We reveal that Vegfr signaling dynamically drives expression of tm4sf18 in pre-angiogenic ECs, which feeds back to amplify Vegfr signaling and promote rapid selection of motile ECs during angiogenesis. Importantly, we propose that Tm4sf18-mediated positive feedback may ultimately achieve this by magnifying subtle differences in Vegf signal levels between competing ECs to significantly expedite LI-mediated EC identity decisions. Hence, we present evidence that positive feedback can transform the normally protracted mechanism of LI into a rapid, switch-like decision-making process. As a consequence, in the absence of Tm4sf18, the speed of motile EC selection becomes highly sensitive to fluctuations in Vegf signaling and is notably delayed even by partial inhibition of Vegfr activity. Recent work demonstrates that such temporal control of EC LI fundamentally defines the topology of newly forming vascular networks, with faster rates of tip EC selection dramatically increasing vessel network density (Kur et al., 2016) . Consistent with this work, we find that the slower rates of EC selection linked to loss of Tm4sf18-mediated positive feedback result in a significant reduction in both the number of ECs selected to branch in angiogenesis and the cellularity of nascent vessels. As a consequence, these hypocellular vessels fail to appropriately extend, suggesting that intrinsic adjustment of positive-feedback levels could represent an adaptable framework for the context-dependent modulation of vascular network cellularity and/or topology in vivo. Indeed, Tm4sf18-mediated positive feedback appears to be specific to Vegf-a-driven arterial EC sprouting, as Vegf-c-mediated venous secondary sprouting is unaffected by tm4sf18 mutation. As such, it will be important to determine whether Tm4sf18-mediated control of Vegfr activity and LI are, indeed, differentially regulated in distinct vessel networks and, if that is the case, whether this is indicative of broader functional roles for positive feedback in differentially shaping the topology and/or branch density of specialized vascular beds.
We also reveal that positive feedback uniquely confers developmental robustness on angiogenesis against fluctuations in Vegfr activity. Using computational modeling, we predicted that positive-feedback-mediated amplification of Vegfr signaling efficiently lowers the threshold of Vegfr activity required to promote robust tip cell selection. Consequently, positive feedback transforms the process of LI into an ultrasensitive bistable switch and invokes hysteretic dynamics that ultimately stabilize selected EC identities. We further show that selection of motile ECs exhibits such bistable-like dynamics in vivo and, indeed, that Tm4sf18-mediated positive feedback maintains robust tip identity by ensuring that high Vegfr signaling outputs are achieved even when Vegfr activation is perturbed. Consequently, even subtle perturbation of Vegfr activity severely disrupts tip EC Vegfr activity in tm4sf18 mutant embryos, whereas WT clutchmates remain unperturbed. In particular, these observations hint that human TM4SF genes could potentially be exploited in therapeutic contexts. For example, abnormally high levels of VEGFR signaling were recently shown to drive synchronous oscillations of Dll4 in neighboring EC, underpinning a switch from normal EC communal branching behavior to the pathological vessel expansion associated with human retinopathies (Ubezio et al., 2016) . Disruption of positive feedback would significantly increase the threshold of VEGFR activity (C) Putative role of positive-feedback-generated bistability and hysteretic dynamics in the control of VEGFR signal level robustness in angiogenesis. Bistability ensures that higher levels of VEGF are required to induce tip patterning than to reverse this active state, conferring robustness on tip identity against fluctuations in VEGF levels.
(D) Impact of Tm4sf18-mediated positive feedback on the magnitude, speed, and robustness of motile EC selection during ISV branching. Tm4sf18 drives quick and robust decision making but also ensures delicate modulation of the magnitude of EC selection by Vegf levels. In the absence of Tm4sf18, the magnitude of EC selection is diminished, and both the speed and robustness of EC selection are highly variable and more dependent on Vegf level. Data are means ± SEM. *p < 0.05, two-way ANOVA or two-tailed t test. Scale bar, 25 mm.
required to switch vessels to abnormal expansion, putatively blocking progression to synchronous oscillatory dynamics and defining a potential therapeutic approach to normalize branching. Likewise, disruption of positive feedback could increase the potency of existing VEGFR-targeting anti-angiogenic anti-cancer therapeutics by reducing the concentration of compound required to block functional angiogenesis. Moreover, our work opens up the exciting possibility that other known modulators of VEGFR signaling may perform complementary positive-feedback functions to fine-tune the timing and robustness of the VEGF pathway. For example, the secreted protein EC-specific molecule-1 (Esm1) is known to activate VEGFR by increasing the local bioavailability of VEGF (Rocha et al., 2014) . Hence, VEGF-induced expression of Esm1 in sprouting ECs could also confer robustness to VEGF signaling, much like tm4sf18, by forming a complimentary non-cell-autonomous positive-feedback loop with VEGFR. Indeed, it is even possible that the other Vegfr-regulated transcripts identified in this study play complementary positive-feedback roles. As such, it will be important to revisit this previous work to fully understand the complexities of feedback control of EC LI. Overall, our observations reveal that the relatively slow dynamics of LI-mediated cell-fate decisions can be transformed into quick, adaptive, and robust decision-making processes by simply incorporating positive feedback. Considering that LI underpins many cell-fate decisions driving tissue formation, homeostasis, and repair, it is tempting to speculate that such spatiotemporal adaptation by positive feedback may shape collective cell-fate decisions in diverse tissue contexts.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
Zebrafish embryos, larvae, and adults were grown and maintained according to UK Home Office regulation guidelines and all studies were approved by the University of Manchester Ethical Review Board. Zebrafish strains were maintained at pH 7.4, a temperature of 28 C and exposed to 14 h light and 10 h dark cycles. Zebrafish from 6 to 12 months of age were used for breeding. Following breeding, embryos were transferred to Petri dishes containing E3 media and incubated at 28 C until required for experiments. Embryos used for experiments were less than 4 days post fertilization, a stage at which sex cannot be readily determined and is unlikely to influence the biological processes under study. Previously described zebrafish lines used in this study were the npas4l s5 mutant, Tg(kdrl:GFP) s843 strain and Tg(kdrl:nlsEGFP) zf109 strain (Blum et al., 2008; Jin, et al., 2005; Reischauer et al., 2016) .
Primary cell culture
Pooled primary Human umbilical vein endothelial cells (HUVECs) were purchased from Promocell (C-12203). Cells were cultured in endothelial cell basal medium supplemented with endothelial cell growth medium 2 kit (Promocell; C-22111) at 5% CO2 and a temperature of 37 C. All cells were grown on 0.1% (w/v) gelatin-coated cultureware and were not used in excess of four passages.
METHOD DETAILS
Time-lapse imaging Confocal microscopy of live Tg(kdrl:nlsEGFP) zf109 embryos was performed as previously described Herbert et al., 2012) . Briefly, embryos were mounted in 1% low-melt agarose in glass bottom dishes, which were subsequently filled with media supplemented with 0.0045% 1-Phenyl-2-thiourea and 0.1% tricaine. Embryos were imaged using a 20x dipping objectives on a Zeiss LSM 700 confocal microscope. Embryos were maintained at 28 C and stacks were recorded at every 0.3 h. Tracking of cell motility was performed in ImageJ using the manual tracking plugin. All cell tracking recordings were normalized at each time point relative to the position of the dorsal aorta to account for any dorsal or ventral drift of embryos during imaging.
Morpholino oligonucleotide (MO) injections
To knock down gene expression, embryos were injected at the one-cell stage with 5 ng control MO, 5 ng dll4 MO or 1-2 ng of flt1 MO. The control MO targets the human beta-globin intron mutation underpinning beta-thalassemia. As such, this MO has no phenotypic effect in zebrafish and other model systems, except human beta-thalassemic hematopoietic cells. MO sequences were: (Krueger et al., 2011) 5 0 -GTTCGAGCTTACCGGCCACCCAAAG À3 0 (dll4) (Siekmann and Lawson, 2007) .
All MOs were purchased from Gene Tools. 
Pharmacological treatments
Embryos were manually dechorionated and incubated with compounds from 22 hpf (unless otherwise stated). The following compounds were used in this study: SU5416 (0.3 mM, 2.5 mM), ZM323881 (40 nM, 80 nM and 160 nM), 5-hydroxyurea (150 mM), aphidicolin (20 mM), Ki8751 (0.5 mM), DAPT (100 mM) and DBZ (2 mM).
Simulations with the memAgent-spring model (MSM)
The MSM model has been well validated against in-vivo mouse and zebrafish ISV data in previous studies of collective cell dynamics during of Vegf-Notch-mediated tip cell selection, so it made a good choice for simulating the dynamics within the time window observed in-vivo. In this model, the endothelial cell outer membrane is represented at a subcellular level by a collection of individual computational agents ('memAgents') connected by springs following Hooke's law, which represents the actin cortex beneath. The MSM allows subcellular level rules to generate localized responses of individual memAgents on the cell surface and complex cell shape changes during cell migration.
Model initialization and parameterization
The model was initialized with 8 cells in a row, one per vessel cross section (See Figure S1d) , representing a collection of endothelial cells in the DA competing to sprout into the ISV space above (represented very simply here as just a fixed vegf gradient extending into the y axis above the horizontal row of cells). All parameters were kept the same as previously published (Bentley et al., 2008 (Bentley et al., , 2009 Kur et al., 2016) except those being varied to match the experimental conditions here, described below. The model was run 100 times for a maximum of 200 timesteps under a range of vegf and flt1 inhibition conditions to see if a single early time window during selection might also generate fewer or more cells being selected by those times as seen in-vivo for some values of the respective vegf perturbation conditions. VEGF -vegfr activation ðV m 0 Þ of the vegfr (V) in a given memAgent m in the model is encapsulated by Equation 1 (fully described in (Bentley et al., 2008) ) below:
Where, Vsink (normally set to 9) is a fixed value which acts as a sink (mimicking flt1) reducing the amount of available VEGF in the 26 neighboring environmental grid sites (E n .VEGF) surrounding that memAgent m (as the model runs on the 3D gridded lattice) for binding to its main vegf receptors V m (only the main receptor V is able to trigger cell migration and Dll4 upregulation in the cells). M tot is the total number of memAgents currently comprising the cell, and V max is the maximum number of receptors the cell can have. This is the only equation that was varied here, by simply reducing the levels of VEGF (to model vegf inhibition) and Vsink (to model flt1 loss) respectively.
ODE model construction & simulation
Interaction between two ECs have been captured using coupled ordinary differential equations and the two-cell model previously described (Venkatraman et al., 2016) . Reactions for the ordinary differential equations of the two-cell model were written following mass-action kinetics. Details of model construction, list of ODEs, reaction equations and parameters can be found in (Venkatraman et al., 2016) . Positive-feedback between VEGF and a VEGF-induced/activated factor (P) is captured using Equation 2 below;
Where, k 6 is the positive-feedback rate of P production and n captures the non-linearity of signaling between VEGF (V) sensing and P. In this model n is set at 2 to reflect presumed cooperativity between at least two pathways that lead to positive-feedback. This is consistent with observations that poor decision making and selection of ECs is observed when feedback levels are set to 0, whereas a less severe phenotype is observed upon tm4sf18 mutation in zebrafish. Hence, these data hint that at least two positive-feedback pathways cooperatively operate in-vivo. Model simulations were performed using ODE15s solver in MATLAB2013b (https://www. mathworks.com). All steady state analysis of the ODE model was carried out using the AUTO bifurcation toolbox in XPPAUT (http://www.math.pitt.edu/$bard/xpp/xpp.html).
Isolation of zebrafish ECs and transcriptome analyses
Previously published microarray datasets of isolated zebrafish ECs (Herbert et al., 2012) were re-analyzed in this study and are deposited online (GEO: GSE130889 /Mg 2+ -free HBSS and dissociated in 2 mL TrypLE (Invitrogen) at 27.5 C for 30 min with regular agitation. Dissociation was inactivated upon addition of 100 ml fetal bovine serum (FBS). Dissociated cells were subsequently isolated by centrifugation, re-suspended in 5 mL Ca 2+ /Mg 2+ -containing HBSS (with 5% FBS) and passed through 40 mm filters. ECs were collected upon re-centrifugation of dissociated cells, re-suspension in 0.5 mL Ca 2+ /Mg 2+ -containing HBSS (with 5% FBS) and FACS isolation of the kdrl:GFP-positive cell population directly into lysis buffer. Total RNA was isolated using the RNAqueous-Micro kit (ThermoFisher).
Complementary DNAs were amplified, labeled with Cy3 (from DMSO-treated embryos) or Cy5 (chemical-treated embryos) and hybridized to the Agilent Zebrafish Gene Expression Microarray (V2) by Mogene Lc. The extracted data were normalized and quality controlled using GeneSpring GX software (Agilent). All probes with a green processed signal below 100 were considered as background. Cut-offs used to identify Vegfr-regulated transcripts were: ratio SU5416 versus DMSO = < 0.4; ratio DAPT versus DMSO = > 1.5; ratio SU5416 + DAPT versus DMSO = < 1. Of the 10 hit transcripts identified, we prioritized tm4sf18 for genetic functional studies as tm4sf18 exists as a single gene in zebrafish and does not exist as multiple gene paralogs that potentially exhibit functional redundancy. As such, genetic functional studies of tm4sf18 were considered highly tractable versus studies of other identified transcripts.
Quantitative real-time PCR (qPCR) Zebrafish embryo or HUVEC cDNA samples were diluted to a concentration of 50 ng/ml with dH 2 0. Each qPCR reaction was prepared in triplicate in a 48 or 96-well plate with each well consisting of 0.2 mM each forward and reverse primer, 50ng cDNA and SYBR Green Mastermix (ThermoFisher). Reactions were run on an Eco Real-Time PCR System (Illumina) or
Step One Plus Real-time PCR System (Applied Biosystems) alongside negative controls. qPCR data was analyzed by the DDC T method and expression normalized to b-actin and ef1a (zebrafish) or GAPDH (human). A relative quantification of gene expression was then determined using the formula 2 -DDCT . Primers used for qPCR amplification were: Cloning of tm4sf18 and whole-mount in situ hybridization The zebrafish tm4sf18 in situ hybridization construct was generated by PCR amplification of the tm4sf18 ORF from cDNA and cloning of this fragment into pCR-Blunt II-TOPO (Invitrogen). For probe generation, pCR-Blunt II-TOPO tm4sf18 was linearized with EcoRV at 37 C for 3 h and T7 was used for transcription. For whole-mount in situ hybridization, embryos were fixed in 4% paraformaldehyde (PFA) overnight at 4 C and processed as described previously (Thisse and Thisse, 2008) .
siRNA-mediated gene knockdown For gene knockdown, HUVECs were seeded at 0.2 3 106 cells/well in 6-well plates and transfected with TM4SF1 siGENOME SMARTpool siRNA or Control siRNA (Thermo Scientific) using the GeneFECTOR reagent, (Venn-Nova), as per manufacturer's instructions. Cells were processed for RNA extraction 48 h after transfection.
Immunoblotting
HUVECs were lysed in RIPA lysis buffer and prepared for immunoblotting in laemmli buffer. Western blotting was performed using Biorad mini-protean gels and transfer kits according to manufacturers' instructions. Nitrocellulose membranes were incubated with antibodies in the respective blocking buffers according the manufacturers' recommendations of each antibody. The antibodies used for immunoblotting in this study were; rabbit anti-ERK1/2 (Cell Signaling; #4695) and rabbit anti-pERK1/2 (Cell Signaling; #4377). Membrane bound antibodies were detected by ECL (ThermoScientific).
Phylogenetic analysis
For phylogenetic analysis of the TM4SF1/4/18 protein family, the NCBI Reference Sequences of TM4SF1, TM4SF4, TM4SF18 proteins of each species were used respectively: human (Homo sapiens; NP_055035. The TM4SF1/4/18 amino acid sequences from all 10 species were aligned using Clustal X2 (Larkin et al., 2007) . The sequences were then manually trimmed of all sites that were not unambiguously aligned. Phylogenetic analysis of amino acid sequences was first performed using NL method implemented in ClustalX2, with outputs displayed using TreeView (Page, 1996) . Confidence in the phylogeny was assessed by bootstrap re-sampling of the data. For ML tree, the JTT model of protein evolution was used in RAxML (Stamatakis, 2014) with the proportion of invariable sites and gamma parameter estimated from the data, four categories of between-site rate variation; 100 bootstraps were used in the primary ML tree (final ML optimization likelihood: À4945.841564).
Gene editing
TALENs were designed and constructed to target exon-1 of zebrafish tm4sf18 using online tools (https://tale-nt.cac.cornell.edu/ node/add/talen) and as previously described using the Golden Gate method (Cermak et al., 2011) . The target sequences chosen for the forward and reverse TALENs were 5 0 -TGTGCTCTACAGGATTTGCC-3 0 and 5 0 -GCCCTGGTCCCTCTCGCCA-3 0 , respectively. Repeat Variable Diresidue (RVD) sequence for the forward TALEN was: NH NG NH HD NG HD NG NI HD NI NH NH NI NG NG NG NH HD HD. RVD sequence for the reverse TALEN was: NH NH HD NH NI NH NI NH NH NH NI HD HD NI NH NH NH HD. Length of the spacer DNA between TALEN-binding sequences was 15 base pairs. 100 pg of both forward and reverse TALEN mRNA was coinjected into the single cell of zebrafish embryos. At around 24-72 hpf, genomic DNA was extracted from individual embryos and somatic lesions confirmed by high resolution melt (HRM) using Meltdoctor HRM Mastermix (ThermoFisher) and the following primers: The CRISPR target site within exon-2 of tm4sf18 (5 0 -CCTGTGTGTTCCTGGGAATG-3 0 ) was identified as previously (Ran et al., 2013) . gRNA and nls-zCas9-nls RNA were generated as previously (Jao et al., 2013) . 30-100 ng of gRNA and 100-150 ng of nlszCas9-nls RNA were co-injected into single cell stage embryos mixed with a phenol red tracer. At around 24-72 hpf, genomic DNA was extracted from individual embryos and somatic lesions confirmed by HRM (as above) using the following primers:
tm4sf18 CRISPR forward 5 0 -CATCAGTCTTTGCAGCGAGA À3 0 tm4sf18 CRISPR reverse 5 0 -TGTAGCATATCCCAACACTCAC À3 0 pErk immunostaining Whole-mount immunostaining for pErk was performed as previously described . Briefly, Tg(kdrl:nlsEGFP) zf109 embryos were fixed in PFA overnight prior to washing in 100% MeOH, incubation with 3% H 2 0 2 in MeOH on ice for 60 min and further 100% MeOH washes. Embryos were then stored at À20 C for 2 days in MeOH before equilibration with PBT (PBS, 0.1% Tween-20) washes and cryoprotected in 30% sucrose in PBT overnight at 4 C. The next day embryos were equilibrated in PBT, incubated with 150 mM Tris-HCl (pH 9.0) for 5 min and then heated to 70 C for 15 min. Embryos were then washed with PBT and then twice with dH 2 O for 5 min. Water was then removed prior to addition of ice-cold acetone for 20 min at À20 C. Acetone was removed prior to PBT washes, one TBST (TBS, 0.1% Tween-20, 0.1% Triton X-100) wash and incubation overnight at 4 C with block solution (TBST, 1% BSA, 10% goat serum). The next day embryos were then incubated with anti-phospho-ERK1/2 antibody (1:250, Cell Signaling; #4370) in blocking buffer overnight at 4 C. Washes in TBST at room temperature were followed by a wash in Maleic buffer (150 mM Maleic acid, 100 mM NaCl, 0.001% Tween-20, pH 7.4) for 30 min. Embryos were then blocked in 2% blocking reagent (Sigma-Aldrich) in Maleic buffer for 3 h at room temperature prior to incubation with goat anti-rabbit IgG-HRP (1:1000) in 2% blocking reagent in Maleic buffer overnight at 4 C. Embryos were then washed in Maleic buffer and then PBS at room temperature prior to incubation with 50 ml amplification diluent with 1 ml Tyramide-Cy3 (Perkin Elmer) for 3 h at room temperature in the dark. Embryos were finally washed over several days in TBST at room temperature. Levels of pErk were quantified as the mean nuclear Cy3 fluorescence intensity using ImageJ.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were performed using GraphPad Prism 6.0 or Microsoft Excel software. Statistical significance was assessed using either unpaired two-tailed Student's t tests or two-way ANOVA tests, as reported in the figure legends. Results are presented as mean ± SEM. For all analyses, p < 0.05 was considered statistically significant. No data points or subjects were excluded from analyses. No statistical method was used to estimate sample size, but sample sizes used were consistent with those employed in the field.
DATA AND SOFTWARE AVAILABLITY
The MSM and ODE models have been previously published, but all new code generated to facilitate studies of positive-feedback are available upon request. Microarray datasets analyzed in this study are deposited online (GEO: GSE130889).
